Diesel DeNOx experiments using the SNCR process were performed by directly injecting NH3 into a simulated engine cylinder (966 cm 3 ) for which a diesel fuelled combustion-driven flow reactor was designed by simulating diesel engine geometry, temperature profiles, aerodynamics and combustion products. A wide range of air/fuel mixtures (A/F=20∼45) were combusted for oxidizing diesel flue gas conditions where an initial NOx levels were 250~900 ppm and molar ratios (β=NH3/NOx) ranged from 0.5∼2.0 for NOx reduction tests. Effective NOx reduction occurred over a temperature range of 1100∼1350 K at cylinder injections where about 34% NOx reduction was achieved with β=1.5 and cylinder cooling at optimum flow conditions. The effects of simulated engine cylinder and exhaust parts, initial NOx levels, molar ratios and engine speeds on NOx reduction potential are discussed following temperature gradients and diesel engine environments. A staged injection by NH3 and diesel fuel additive is tested for further NOx reduction, and more discussed for practical implication.
Introduction
NOx emissions from automotive vehicles such as gasoline and diesel engines have reached over 50% of global NOx emissions from fossil fuels, compared with about 23% of power plants, and thus been a growing concern for several decades because of harmful effects on human health and environmental ecosystem (Srivastava et al., 2005; De Nevers, 2000) . lower emissions of CO/CO2 species. However, higher NOx emissions from such engines have become new challenges to be overcome in engineering societies, since typical noble metal three-way catalysts show little activity towards diesel NOx reduction under oxidizing exhaust gas conditions (Amiridis et al., 1996; Nakatsuji et al., 2008) . Numerous studies for diesel NOx reduction have focused on the selective catalytic reduction (SCR) process by NH3/urea and hydrocarbons agents (i.e. searching for new catalysts), together with recent plasma-catalytic processes, but some practical problems like poor catalytic activities and lower NOx reduction (10~40%) have still emerged in actual exhaust gases (Masuda et al., 1996; Francke, 2000; Yang et al., 2011) .
Meanwhile, the gas-phase selective non-catalytic reduction (SNCR) process has been well practiced as a proven NOx control technology mostly in stationary power plants, incinerators and industrial boilers (Arand, 1980; Capener, 2008; Weijuan et al., 2009) , and alternatively considered for the present diesel NOx reduction. Lyon (1975) originally found that NO can be selectively reduced by NH3 species in excess oxygen without catalytic materials, also called the Thermal DeNOx process. One major drawback is a narrow temperature window (1100∼1400K), where many reaction parameters such as temperature, molar ratio, residence time, oxygen level and initial NOx are simultaneously involved to affect the NOx reduction potential, proved by extensive experimental observations and kinetic calculations (Kasuya et al., 1995; Miller and Bowman, 1989; Nam and Gibbs, 2002; Weijuan et al., 2009; Niu et al., 2010 ), but unfortunately too much chemicals were injected for NOx reduction.
After that, Nam and Gibbs (2002) Table 1 , where CO/UHC levels at the cylinder inlet were maintained high around <1800/440 ppm, but relatively remain low at the end of exhaust pipe up to less than 380/9 ppm respectively for most combustion flows (except flow #6). As O2 level increases from 6.6 to 12.8% at the end of exhaust pipe, CO2 concentration inversely decreases from 11.2 to 6.2% according to air/fuel ratios. The initial NOx levels were maintained from K (Heywood, 1988) . Thus, the former could be close to the latter half of the expansion stroke, and would cover the optimum temperature window for diesel NOx reductions, provided that injection timing (CA)
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is systematically controlled. However, NOx reduction potentials were significantly diminished under these combustion-driven, simulated diesel engine conditions.
In the laboratory isothermal conditions, about the water-cooling system turned out not to hinder too much NOx reduction potential as in Fig. 3 , which provides practical implication to real engines.
Secondly, too higher concentrations of CO/UHC (<2,000/<690 ppm) inside the cylinder would be another limitation to NOx reduction potential (Table   1) . Caton et al. (1995) reported that the addition of CO (1260 ppm) shifted the temperature window downwards 150 K (presently only around 20 K), and NOx reduction was diminished by about 30% at the higher temperatures. On the other hand, optimum O2 levels have been well known to be between 3~5% in the SNCR process (Kasuya et al., 1995) , but a further increase over 10% slightly tends to diminish the degree of NOx reduction. Thus, the present higher oxygen levels (6.6~12.8%) would also have affected the characteristics of diesel NOx reduction towards decreasing to some extent.
Effect of initial NOx and molar ratios
The primary parameters affecting NOx reduction in SNCR processes should include injection temperature, molar ratio and residence time. Previous studies (Kasuya et al., 1995; Quang Dao et al., 2010) showed that NOx reduction potential is also dependent on initial NOx levels, which were normally conducted under the conditions of laboratory, near isothermal experiments with optimum oxygen levels. NOx emission levels from diesel engines vary drastically in the range of 50~1000 ppm with different engine speed and load changes (De Nevers, 2000) . It may be also interesting to establish whether such behaviour will occur in practical systems, especially accompanying large temperature gradients, various CO/UHC and oxygen levels. Fig. 4 the higher temperature (1340 K), which was virtually unchanged for the lower temperature flows.
Meanwhile, as initial NOx level decreases to 250 ppm, NOx reduction again tends to sharply decrease over the whole temperature range, and reached a maximum reduction of ~43% at the optimum temperature.
From the above results, three conclusions can be drawn;
i) The NOx reduction increases with increasing initial NOx level.
ii) The temperature window tends to shift upwards (higher temperatures) with increasing initial NOx level.
iii) The changes of temperature gradients and gas compositions must have affected NOx reduction potentials.
In general, it has been reported that increasing molar ratio over β=2.0 had little effect on an increase in NOx reduction in laboratory, isothermal experiments (Lyon, 1987; Ostberg and Dam-Johansen, 1994 As expected, the lower air flow rate (600 L/min) should have achieved more NOx reduction than for 1000 and 800 L/min because of longer residence time. However, NOx reduction for all three air flows remained similar at about 34% since there was not much difference in residence times. Previous results showed that the required time for enough NOx reduction reached around 200 msec in isothermal and CO/UHC-free conditions (Glarborg et al., 1994) . (Miller and Bowman, 1989; Nam and Gibbs, 2002) . Thus, staging diesel fuel into the exhaust section is believed to have promoted the above radical production at the low temperatures, which caused further NOx reduction in the exhaust pipe. Overall, the SNCR process with staged injection using the small amount of diesel fuel (r=1.6) would be more practical and applicable for diesel engine DeNOx performance, compared with those of simultaneous and reductant-only injections.
Conclusions
The SNCR application to diesel DeNOx experiments was performed under diesel-fuelled, combustion-driven flow reactor conditions, which closely simulated the actual cylinder and head, exhaust pipe and combustion products. Broad temperature windows were observed between 1100~1350 K where about 34% maximum NOx reduction was achieved at the optimum temperature flow #3 and β=1.5 through the water-cooled cylinder injection. The major reaction parts for NOx reduction were the high temperature cylinder and head section, while exhaust temperatures were too low for further reduction. NOx reduction potential tends to increase with increasing initial NOx levels and molar ratios, but does not strongly depend upon the change of air flow rates (engine speeds) investigated. Moreover, severe diesel DeNOx environments such as large gas quenching rates, high CO/UHC and O2 levels seem to be responsible for relatively lower NOx reduction, together with too short effective residence time.
However, a staged injection by NH3 and diesel fuel turned out to be effective for further NOx reduction without shifting temperature windows downwards, which is practical and proposed as a promising strategy.
